Particles capable of homing and adhering to specific vascular biomarkers have potential as fundamental tools in drug delivery for mediation of a wide variety of pathologies, including inflammation, thrombosis, and pulmonary disorders. The presentation of affinity ligands on the surface of a particle provides a means of targeting the particle to sites of therapeutic interest, but a host of other factors come into play in determining the targeting capacity of the particle. This review presents a summary of several key considerations in nano-and microparticle design that modulate targeted delivery without directly altering epitope-specific affinity. Namely, we describe the effect of factors in definition of the base carrier (including shape, size, and flexibility) on the capacity of carriers to access, adhere to, and integrate in target biological milieus. Furthermore, we present a summary of fundamental dynamics of carrier behavior in circulation, taking into account interactions with cells in circulation and the role of hemodynamics in mediating the direction of carriers to target sites. Finally, we note non-affinity aspects to uptake and intracellular trafficking of carriers in target cells. In total, recent findings presented here may offer an opportunity to capitalize on mitigating factors in the behavior of ligand-targeted carriers in order to optimize targeting.
Introduction
The vascular system is both the route to and the intended site for therapeutic intervention via drug delivery in many diseases. Blood components and endothelial cells lining the luminal surface of blood vessels represent preferred targets for pharmacotherapy of ischemia, inflammation, bleeding and thrombotic disorders, stroke, pulmonary diseases, and neurological diseases, among others. Devising carriers that optimize delivery of drugs in the vascular system may improve management of these prevalent conditions with high morbidity and mortality [1] [2] [3] [4] [5] [6] .
Carriers designed for this goal (including liposomes, polymeric and non-polymeric particles, protein conjugates and dendrimers, etc.) may accumulate at the desired site either relatively non-specifically (e.g., by mechanical or charge-mediated retention) or via specific interaction provided by ligands with affinity to molecules typical to or enriched in target tissues. Ligand presentation allows these carriers to specifically bind to endothelial surface determinants or, for instance, components of blood clots (e.g., platelets and fibrin) and blood cells. The latter -red blood cells, white blood cells, platelets -may serve as either target or a secondary carrier for drug delivery. "Active targeting" using ligands (e.g., antibodies and their derivatives, peptides, aptamers, etc.,) in theory offers more controlled delivery. It also enables guided sub-cellular addressing of drugs via anchoring to specific cellular determinants providing internalization via appropriate pathways [7] [8] [9] [10] [11] .
However, many characteristics of a drug carrier and its microenvironment in the vascular system modulate its circulation and distribution and its interactions with target and non-target counterparts. As a result, these factors must be taken into account in the course of design and application of a targeted drug delivery system [12] [13] [14] [15] . The goal of this review is to briefly analyze how factors pertaining to vascular physiology and parameters of carrier design other than affinity modulate vascular targeting and drug delivery with nanocarriers and microcarriers.
Modulation of pharmacokinetics and targeting by carrier geometry
Two parameters defining carrier geometry, size and shape, profoundly modulate every aspect of behavior in the body, including access to delivery routes, clearance route and rate, specific and non-specific accumulation in target and non-target sites, binding, uptake and intracellular trafficking, and ultimately effects of the drug cargo.
Carrier geometry and blood clearance
One of the most important and extensively studied parameters modulating carrier behavior in the bloodstream is size. The sizes of typical carrier particles can range from below 10 nm to a few microns. Dendrimers, micelles, gold nanoparticles, and iron oxide nanoparticles often manifest diameters below 50 nm [16, 17] , while polymeric spheres, liposomes, and nano-shells are hundreds of nanometers in diameter [18, 19] . Polymeric, lipid, and silica-based microspheres and microemulsions have diameters up to a few microns [20, 21] . Moreover, carrier shape can also vary from spherical (e.g., lipid-based beads) to spheroidal, cylindrical, or discoidal particles [22] [23] [24] , virus-templated particles [25] , and nanopolypods [26] (Fig. 1a) .
Generally, intravascular injection is needed for carriers in the size range of 50-300 nm. Smaller particles may access other administration routes (e.g., pulmonary), though the effectiveness of the vascular route is generally unrivaled. After administration, size is a key parameter modulating the pharmacokinetics of carriers in the vasculature. Particles smaller than 10 nm undergo renal filtration [27, 28] and extravasation in tissues [29] . Drug carriers bigger than approximately 20 nm are eliminated from circulation predominantly by the reticulo-endothelial system (RES, including liver, spleen and lymph nodes) [30, 31] .
Ultra-short carbon nanotubes, quantum dots, gold nanoparticles, dendrimers and other smaller particles spread into various organs by passing through tight endothelial junctions (10-20 nm diameter) and can be easily excreted through the glomeruli of the kidneys [29, 32] . Larger particles have the advantage of carrying higher payloads when used as targeted vascular carriers.
Overall, for longer circulation after intravascular injection, carriers should escape recognition and sequestration by the RES (including accumulation in bone marrow, red pulp, lymph nodes, and phagocytic cells in the sinusoids of the liver). In order to increase circulating halflife, sub-micron carriers can be coated with excipient polymers (e.g., poly(ethylene) glycol, PEG) [33] [34] [35] , but size and shape also have an impact on rate and mechanism of clearance.
Deposition of spherical silica beads in non-RES organs was shown to reduce monotonically with diameter between 700 nm and 3 μm [36] , while 3-4 μm plastic microspheres tend to accumulate permanently in the spleen [37] . Moreover, while engulfment by RES phagocytic cells happens for particles as big as 4-5 μm [38, 39] , generally, particles larger than~500 nm are prone to mechanical entrapment in capillaries [40] . For instance, polystyrene particles larger than 5-7 μm mainly trap in the alveolar capillaries of the lungs [40] , while particles bigger than 10 μm are retained in the liver, RES and lungs [41] .
Generally, rigid spherical particles between 100 nm and 200 nm in diameter manifest longer circulation times because they are large enough to avoid sequestration in the liver and small enough to escape splenic filtration. For non-spherical particles, at least one dimension should be kept N 100 nm to avoid accumulation in the liver. To avoid entrapment in the sinusoids of the spleen, at least two dimensions must be maintained b 200 nm [42] . For long-circulating non-spherical particles, the effects of particle shape and size are thus closely related, where the geometry of non-spherical or flexible particles can significantly prolong the circulation time. In rodents, long worm-shaped PEGpolyethylethylene filomicelles manifest prolonged circulation time, avoid macrophage internalization, and favor accumulation in tumors [43, 44] (Fig. 1b,c) , and disk-shaped polystyrene particles have lengthened circulation half-lives relative to analogous spherical particles [45] , with work comparing silica spheres and disks finding lesser accumulation in the liver for discoidal particles [36] . Similarly for hydrogel disks, Merkel et al. demonstrated prolonged circulation for particles with diameter comparable to RBCs, as compared to smaller particles of identical composition [46] . As discussed later in this review, carrier mechanical flexibility can generally confound trends relating clearance time to particle size, where softer particles generally exhibit longer circulation times related to altered hemodynamic behavior [43, 47] and interactions with phagocytic cells [48, 49] .
Carrier geometry and target site accessibility
Variation in particle geometry can dramatically influence deposition at sites of therapeutic interest. Carrier enlargement generally negatively impacts permeation through biological barriers to poorly accessible intravascular targets, including endothelial target epitopes localized in the intercellular junctions, in invaginations of the plasmalemma, or masked by the glycocalyx. Importantly, pathological factors may alter accessibility of targets. For example, shedding of endothelial glycocalyx and widening of intercellular junctions (both typical of inflammation) may augment targeting [50, 51] .
Similarly, particles with a characteristic size less than a few hundred nanometers can pass through fenestrations of the tumor endothelial barrier due to enhanced permeability of the tumor vasculature [52, 53] . Carriers with size between 100 and 200 nm are generally favorable for delivery using enhanced permeability and retention in tumors [54, 55] , though the literature data vary; For example, animal studies of gold nanoparticles with diameter from 15 to 70 nm reported the highest tumor uptake for 50 nm particles [56] . One caveat of studies of the role of size in target accessibility is that real size and shape may change dramatically after injection due to agglomeration and adsorption of biomolecules.
Thrombi represent a special type of vascular target with limited but variable permeability to carriers. Cross-linked fibrin and platelet agglomerates impede diffusion into relatively mature clots for even smaller nanocarriers (b 20 nm). However, the interior of nascent growing thrombi is fairly accessible even for big carriers like red blood cells [57] [58] [59] . This , which is the ratio of % ID/g of vascular/lung targeted to non-targeted control carriers, in the liver (black bars) and lungs (white bars) for differently sized spherical and disk shaped particles. Diskshaped particles have higher specificity for lung targeting than any of their spherical counterparts. (e) Summary of a systematic investigation that determined the roles of both particle shape and point of contact between macrophage and particle in their phagocytosis/internalization speed. (b) and (c) Adapted by permission from [43] . (d) Adapted by permission from [45] . (e) Adapted from [186] , Copyright (2006) National Academy of Sciences, U.S.A. difference provides a basis for short-term thromboprophylaxis using RBC carriers. Further, combined local features including clot porosity, mural localization, and hemodynamics are being explored for design of polymeric carriers targeted to growing clots, as in [60] where shear-responsive PLGA aggregates enabled targeting to forming arterial thrombi.
Carrier geometry and modulation of affinity interactions
Carrier geometry can also modulate affinity targeting by affecting efficacy and specificity of ligand-mediated binding to target determinants. For example, a study comparing endothelial targeting of polystyrene spheres with sizes of 0.1-10 μm coated with antibody directed to endothelial surface determinant ICAM-1 showed that, while overall uptake in the target organ (lungs) increased with size, targeting specificity decreased with enlargement due to elevated non-specific retention of large untargeted carriers [45] . Similarly, specific targeting to the pulmonary vasculature increased with enlargement of antibodydrug conjugates from b50 nm to~300-400 nm diameter (likely due to higher avidity of particles), but further increasing size of conjugates resulted in enhanced uptake of non-targeted carriers, thereby reducing specificity [15] .
Accessibility of anchoring molecules generally diminishes with carrier enlargement, which may be especially important for carriers requiring multivalent binding for effective retention at the target. For example, determinants located in caveolae, invaginations in the endothelial plasmalemma with neck diameter b50 nm, are accessible to antibodies but not to micron-sized carriers [61, 62] . In a relevant study, 100 nm polystyrene spheres coated with antibodies to different epitopes on endothelial surface adhesion molecule PECAM-1 localized at the intercellular endothelial contacts. Carriers coated with antibody to the epitope most proximal to the plasmalemma failed to bind to the cells, presumably due to lack of the access, since the antibody itself showed excellent binding [61] .
Some studies have shown that antibody-coated elongated nanocarriers, including elliptic rigid disks and flexible PEG-polyethylene or poly(ethylethylene)-poly(ethyleneoxide) filomicelles, bind to endothelium more effectively and with higher specificity than their spherical counterparts [45, 63] (Fig. 1d) . In vivo, elliptical discoid polystyrene particles targeted against ICAM-1 have exhibited higher targeting specificity than similar spherical particles [45] . Model polystyrene nano-rods (aspect ratio~3) coated with ICAM antibody showed 2-3-fold higher binding to endothelial cells in vitro [64] . Nanorods coated with transferrin-receptor monoclonal antibody exhibited 10-fold higher binding to brain endothelium [64] . Finally, ellipsoidal polystyrene rods targeted to VCAM-1 have exhibited stronger adhesion in atherosclerotic plaques than analogous spheres [65] .
It should be noted that while the above trends concerning modulation of targeting by carrier geometry are evolving, significant variability in delivery parameters has been observed for ligand-targeted carriers from different labs. Furthermore, an increasingly wide range of particle shapes has become available for biocompatible nanomaterials capable of drug delivery, with hydrogel capsules achieving cubic [66] [67] [68] , discoidal [69, 70] , and hemispherical geometries [71] and hydrogel hemispheres and disks showing promise for uptake in macrophages, endothelial cells, and cancer cells [71, 72] . Keeping in mind that carrier geometry affects practically every aspect of targeting -access, routing, binding, and uptake -more systematic, unified, and thorough studies of the role of geometry in targeting are necessary to guide carrier improvement and provide the data for computational analysis of this important subject.
Modulation of vascular targeting by carrier mechanical properties
As may be inferred from the discussion of carrier geometry above, the ability to change size or shape can be immensely important for the targeting properties of vascular nanocarriers. Advances in the characterization of individual particle mechanical properties (e.g., AFM and optical trap methods currently being applied to cells) have allowed identification of promising carriers exploiting a range of flexibilities [73] [74] [75] [76] .
Carrier platforms allowing sufficient flexibility to respond dynamically to mechanical influences of the milieu include liposomes, some dendrimers and polymer particles, and hydrogels. Hydrogels are particularly interesting as carriers with designed mechanical properties. Among many versatile properties available to hydrogel nanoparticles in biomedical applications, nanogels are capable of tunable viscoelasticity. Carrier flexibility can be controlled by chemical structure (e.g., enhanced cholesterol content reduces fluidity of liposomal membranes and polymer backbone properties can control nanogel deformability) and specifics of the assembly of elements in multi-molecular structures (e.g., cross-linking, inter-molecular arrangement, layering) [77] .
Generally, mechanical properties are a critical consideration in the design of biocompatible materials. Carrier flexibility modulates binding and retention as well as circulation time and stability [78] [79] [80] . As reviewed previously, mechanical stimulation influences cellular physiological processes regulating cell-nanocarrier interactions including adhesion, cytoskeletal remodeling, and uptake [81] . Likewise, tuning the mechanical properties of nanoparticles can affect interactions with target and off-target cells.
Circulation of mechanically flexible carriers
Carrier flexibility influences circulation in the vasculature. Rigid elongated particles (rods, disks, tubes) larger than a few hundred nanometers quickly become entrapped in the microvasculature. However, carriers with sufficient flexibility to reversibly change shape in response to hydrodynamic factors and vessel narrowing may be able to pass through the microcirculation.
The design of flexible carriers often emulates natural objects exerting desirable features in the body, including bacterial and viral particles and blood elements, including red blood cells. RBCs represent a natural model for targeting behavior enabled by elasticity, possessing the capability to repeatedly squeeze through capillaries of 1-2 micron lumen diameter (despite a~7 micron RBC diameter) while avoiding clearance [82] . In line with this notion, flexible hydrogel particles have been shown to have extended in vivo circulation times [46, 83] . Particles that mimic some mechanical attributes of RBCs, including size, shape, elastic modulus, ability to deform under flow, and oxygen-carrying capacity, have been fabricated by layer-by-layer self-assembly of BSA and polyallylamine hydrochloride [84] . Varying the extent of crosslinking in hydrogel particles has yielded mechanical flexibility similar to that of RBCs [85] , resulting in prolonged circulation of particles close in diameter to RBCs [46] .
There is a positive correlation between the enhanced permeability and retention effect and circulation time, and adjustment of flexibility of nanoparticles is a valid means of accessing that correlation. Mechanical retention of this sort (as discussed above in terms of particle size) may also be better engaged by mechanically deformable particles [86] .
Elongated flexible carriers have unique behaviors due to the combined effects of geometry and flexibility. Filomicelles are a distinctive subset of micelles made of amphiphilic block copolymers that assemble in flexible flow-responsive filaments [43, 87] . Filomicelles are able to persist in blood for extended periods of time by taking advantage of both their worm-like shape and cell-like flexibility. As noted in the previous section, PEG-polyethylethylene filomicelles are able to align with blood flow (Fig. 1b) and avoid immune system clearance, enabling them to persist in circulation for days, which is up to 10 times longer than their spherical counterparts [43] . Pristine PEG-polyethylethylene filomicelles exhibit little to no cellular binding, an attractive feature for a long-circulating carrier [88] .
Carrier flexibility and penetration in porous/microstructured environments
Highly solvated nanogels display both liquid and solid-like behavior, deforming in the presence of flow in such a manner as to permit movement through extracellular matrix and between densely packed cells. Recent studies show that flexible gel particles with minimal cross-linking translocate through barrier materials with pores tenfold smaller than nanogel diameter under pressures resembling those experienced during renal filtration (Fig. 2a) . Flexible NIPAm particles of~1100 nm and 850 nm diameter passed through pores of 100 nm diameter at levels commensurate with those observed for 88 nm polystyrene beads [89, 90] (Fig. 2b) . Alternative nanogels of 116 nm diameter also passed through 10 nm pores where 88 nm polystyrene beads did not [89, 91] . Earlier work indicated that nanogels with minimal cross-linking can experience a 15-fold reduction in volume under compression [90] .
In another application of particle flexibility, a recent study demonstrated that highly deformable particles can specifically incorporate in the porous fibrin network in clots. There, NIPAm microgels binding to fibrin were shown to fundamentally alter fibrin clot microstructure by participating in clot contraction. As demonstrated in vitro with clot contraction assays and in silico with dynamic simulations of fibrin networks, flexible microgels permitted contraction of fibrin networks, whereas rigid spheres with the same fibrin-targeting capacity did not [92] (Fig. 2c, d ).
These studies indicate that flexible particles can be designed to accommodate environmental features and processes requiring a certain size (e.g., kidney filtration, extravasation, and endocytosis) even while the carrier dimensions exceed that size limit. In theory, such particles can carry large amounts of cargo while fitting into small spaces.
Carrier flexibility and targeting
Carrier flexibility is likely to contribute to affinity targeting. Carriers made from soft PAH-BSA multilayers have been shown to manifest increased targeting [93] (Fig. 2f) . First, flexible carriers may be able to flatten on the target surface under shear. This phenomenon both reduces the drag force of perfusion that leads to detachment and enhances binding via spreading over and engaging a higher number of binding sites. Second, lateral movement of ligand molecules in flexible carriers favors congruency of ligand interaction with multiple binding sites and their clusters [94] (Fig. 2e ). These advantages of more flexible carriers are beginning to be reported in literature where flexible ligand-presenting carriers outperform rigid counterparts of the same shape and identical coating in terms of binding and binding strength under shear [95] .
In addition, as noted above, flexible particles circulate for a longer time and have a better chance of reaching their targets than rigid particles. A recent study compared targeting to endothelial surface determinant ICAM-1 in vitro and in vivo with soft (~10 kPa elastic modulus) and hard (~3000 kPa) PEG diacrylate hydrogel nanoparticles. Softer particles showed prolonged circulation and enhanced binding in the lungs in vivo and avoided non-specific cellular uptake and binding to a variety of cells in vitro (e.g., tumor, endothelial, and macrophage cells) [83] . Mechanistically, in comparison to rigid counterparts, flexible polyacrylamide-BSA particles have proven to be greater than 5-fold less likely to be internalized by immune cells in vitro [96] . It has been shown that softer PAAm nanoparticles avoided phagocytosis and exhibited enhanced macropinocytosis in macrophages [96, 97] . These results support the notion that elasticity provides targeting advantages in vivo.
While cross-linking density provides a direct approach to varying the stiffness of polymeric carriers, including nanogels [77, 98] , it should , where hydrogel particles of greater than 400 nm diameter translate through 100 nm pores in quantities (left axis) similar to those observed for 80 nm rigid particles [89] . High-plasticity nanoparticles have exhibited a capacity for integrating in porous environments and, in the case of fibrin networks, participating in contraction of the environment microstructure (c), as observed in molecular dynamics simulations of fibrin-targeted hydrogel particles in fibrin networks in (d) [92] . Carriers more capable of deforming under shear may present greater adherent surface area and flatten out to avoid dynamically dislodging from the target surface (e), as exemplified in the fluorescence data in (f) comparing binding of rigid spheres, rigid disks, and flexible disks in a microfluidic cell under shear [93] . (b) Reproduced with permission from [89] . be noted that addition of cross-linkers can also alter size, shape, and surface chemistry of nanoparticles. Therefore, careful consideration of the totality of nanoparticle properties is necessary prior to drawing conclusions about the relationship between nanoparticle targeting and nanoparticle mechanics.
Role of blood elements in vascular targeting
Blood elements, including biomolecules and circulating cells, can modulate carrier targeting in many ways (Fig. 3) . Both cellular and molecular elements in blood can affect particle clearance and modulate carrier interactions with the endothelium. Additional work has explored use of the properties of blood cells (RBCs, leukocytes, and platelets) to explicitly target carriers to sites of therapeutic relevance.
Primarily, carriers interact with the full spectrum of biomolecules in plasma. The range of plasma molecules, the kinetics of the interactions, and the consequences of the interactions depend on the carrier surface properties and pathophysiological context. Coating carriers with PEG and other masking or stealth compounds helps to delay plasma adsorption on the carrier surface, yet this process likely starts immediately after injection [33] [34] [35] . This may lead to unintended inactivation and activation of plasma molecules and cascades, acceleration of carrier aggregation, and targeting to unexpected binding sites. For example, adsorption of lipoproteins and albumin stimulates carrier uptake by vascular cells via receptors for these proteins, whereas fixation of complement and immunoglobulin directs particles to defense cells via C3b and Fc-receptors.
Indirect effects of cellular blood components on vascular targeting
Cellular blood components greatly influence targeted nanocarrier behavior in the vasculature [99] . For example, the glycocalyx layer, extending hundreds of nanometers from the endothelium into the vessel lumen, interferes with the interaction of circulating blood components with the endothelial plasmalemma [100] . However, under high shear conditions, RBCs are known to push particles to the marginal Fig. 3 . Schematic of the three main cellular components of blood: erythrocytes (red blood cells), thrombocytes (platelets) and leukocytes (e.g., monocytes, T-cells, B-cells, natural killer cells, etc.). Each of these cell types possess unique cellular functions that can be leveraged to target nanoparticles to vascular/endothelial cells (a). Data presented in (b) show that polymeric particles may be designed for specific adhesion to collagen surfaces [138] . In (c), nanoparticles adhered to red blood cells show greater adhesion to lung endothelium and lesser sequestration in the spleen [121] . In (d), fluorescent doxorubicin-loaded liposomes appear in tumors in greater quantities after first being loaded into macrophages [129] . glycocalyx-protected flow layer, enhancing interaction with endothelial cells [101, 102] . Indeed, it has long been known that the hematocrit, the concentration of RBCs, modulates interactions of targeted particles with the vessel wall, as exemplified by an early series of studies examining targeting of antibody-carrying RBCs to collagen-coated surfaces imitating blood vessels with denuded endothelium [103] . When antibodycarrying RBCs were perfused in these collagen-coated channels, addition of naive RBCs to a perfusion buffer enhanced binding of targeted RBCs to the collagen target [104] . Other work has recapitulated this paradigm with ligand-targeted nanoparticles, showing that naive RBCs stimulate binding of targeted nanoparticles to target molecules in model vessels simulating pathologically altered endothelium [101, [105] [106] [107] . Computational and intravital microscopy work indicates a role for size-dependent sequestration of particles near the vessel wall in the RBC-mediated enhancement of interactions with the endothelial surface [101] .
Furthermore, computational studies simulated interactions between nanocarriers and endothelium in large and small vessels in the presence and absence of RBCs [108, 109] . Two factors, margination of particles by RBCs and an increase in particle dispersion coefficient via rotation and tumbling of RBCs under shear, act together to increase the carrier concentration in the cell-free-layer at the vessel wall. In smaller vessels, similar simulations show that carrier accumulation is enhanced further, likely due to the larger role volume exclusion plays when RBCs may be forced to physically contact the vessel wall [109] .
For the remainder of this discussion, we note that the term "margination" refers to particle distribution in the vessel lumen toward the vessel wall, not to adhesion or binding to the wall. There is a correlation between margination and binding, even for non-targeted particles [110] , but it is not necessarily the case that more effective margination of a particle will enhance binding; for example, if there is a repulsion between the particle and vessel wall due to electric charge [111] . Binding beyond margination is mostly controlled by factors pertaining to particle avidity, so the details of binding as a result of margination are beyond the scope of this review.
The margination of particles in blood cell suspensions is enhanced by increased carrier size. Smaller particles show a reduction in margination to the cell-free-layer as they tend to flow along with blood, accessing the spaces between blood cells. In vitro work by Liu et al. found that blood enhances both 210 nm and 2 μm polystyrene particle binding in microcirculation. The binding density increased threefold more for the 2 μm particles compared to the 210 nm particles [112] . Eniola-Adefeso et al. examined the effect of particle size (500 nm to 10 μm) on margination propensity in blood and observed an increase in this phenomenon with increasing particle size [101, 105] . In vivo, better margination in mouse microvasculature was observed for 1 μm PEG-coated polystyrene particles compared to 200 nm particles [102] .
Spherical particles exhibit slightly better margination than ellipsoidal carriers, but ellipsoidal particles are more favorable for adhesion due to slower rotational dynamics, as determined computationally and experimentally in microfluidic model vessels [113, 114] . Margination probability also depends on the hematocrit in simulations [113] . Extensive particle margination was observed at high hematocrit, which is favorable for drug delivery to tumors because the tumor microvasculature tends to concentrate blood cells [115] .
Interactions with red blood cells to augment vascular targeting
Blood cells themselves, especially RBCs, represent attractive "supercarriers" for drug delivery. RBCs spend the majority of their lifetime in blood circulation, and are natural carriers that (i) take up oxygen in the lungs, (ii) circulate throughout the body's vasculature while carrying oxygen, and (iii) deliver oxygen to all tissues in the body while remaining in blood circulation. These RBC biological functions are a direct result of unique physical properties, especially flexibility and high surface area to volume ratio, which permits passage through blood vessels that are smaller in diameter than the cell itself. These features have been explored for decades as the basis for loading RBCs with drugs to improve delivery and effects in the bloodstream [116] . Drugs can be encapsulated in isolated RBC prior to re-infusion, or coupled to RBC surface [82, 117] .
To facilitate oxygen transfer, RBCs must be in close proximity to the microvascular walls [82] . As such, since RBCs spend a significant amount of their lifetime interacting with the endothelium, RBC-based delivery of nanoparticles to endothelium is an interesting and promising approach. Methods of attachment of particles to cells and specific applications of these cell-mediated delivery systems have been reviewed extensively elsewhere [118] [119] [120] . In model studies in vitro and in vivo, 200 nm diameter polystyrene nanoparticles were loaded onto mouse RBCs ex vivo and injected intravenously into mice. For time points ranging from 30 min to 24 h, lung accumulation of red blood cell-adsorbed nanoparticles was increased 7-fold compared to identical non-adsorbed nanoparticles (Fig. 3c) . The most dramatic effects of lung targeting were seen at shorter time points, as lung accumulation was transient and shown to sharply decrease for red blood cell-adsorbed nanoparticles at 24 h. Other benefits of this delivery system included increased blood persistence of nanoparticles and also further enhanced lung targeting, both at short and long time points, when nanoparticles were modified with lung targeting antibodies [121] . Likewise, it has been reported that polystyrene particles of various sizes attached to rat RBCs circulate longer (over 10 h) than those not attached [122] . It is tempting to hope that these initial observations will be translated to medically useful drug delivery approaches, warranting studies of the mechanisms of carrier loading on RBCs and transfer to endothelium and, perhaps, other targets.
Interactions with leukocytes to augment vascular targeting
Leukocytes (e.g., monocytes, T-cells, B-cells, etc.) have also been used as vehicles to enhance the delivery of particles to the vasculature. Typically, carrier-leukocyte systems are designed to take advantage of the innate targeting and barrier penetration abilities of leukocytes [119] . Leukocytes are circulatory immune cells with the natural ability to target pathological tissues (e.g., sites of infection and inflammation) [123, 124] and in theory can be used to facilitate drug delivery to inflamed tissues in many disorders [125] . Of note, leukocytes transmigrate through the endothelial barrier into tissues, including through the blood brain barrier and into the brain, which are otherwise not accessible to drug carriers.
For example, loading of drug carriers in monocytes/macrophages has been explored in animals for delivery of: (i) micron-sized antiviral drugloaded particles to reduce HIV replication in the brain [126] ; (ii) sub-50 nm polystyrene particles to breast cancer metastases in the brain [127] ; and (iii) catalase loaded polyethyleneimine-PEG nanoparticles to reduce inflammation [128] . Macrophage-mediated delivery systems for doxorubicin-bearing liposomes have also been devised and displayed anti-tumor effects [129] (Fig. 3d) . Most recently, it was shown that monocytes can be used to target delivery of micron sized polyelectrolyte particles to locally inflamed lung and skin tissue following antibodymediated attachment of the particles to monocytes. In this case, monocytes showed~2-fold preference for inflamed over normal lung tissue. This approach also augmented delivery of monocyte-bound drugs to pathological sites in a local skin inflammation model [130] .
Interactions with platelets for targeting and enhancement of thrombosis
Nano-and microparticles capable of mimicking and complementing the behavior of platelets have received growing attention in recent years. Enhancing interactions between nanocarriers and platelets represents a promising means of targeting sites of vascular injury contributing to ongoing thrombosis, either to modulate that process directly or for purposes of drug delivery. The range of synthetic particles recapitulating or taking advantage of platelet behavior has been addressed elsewhere [131] . This subsection provides a condensed summary of recent work with an emphasis on directed interactions with platelets for vascular targeting.
A basic approach to enhancement of platelet-carrier interactions employs fibrinogen-derived RGD sequences. Particles coated with these peptides bind to the platelet fibrinogen receptor, GPIIb/IIIa [132] [133] [134] [135] . Natural homing of platelets to sites of clotting facilitates targeting of such nanoparticles, which in turn support platelet aggregation by cross-linking fibrinogen receptors. Particles binding GPIIb/IIIa have a stabilizing effect on hemostatic clots and provide an antihemorrhagic effect at sites of vascular injury. In an early example of employing fibrinogen mimetic peptides to participate in platelet aggregation, Coller et al. functionalized RBCs to preferentially bind to activated platelets [132] . Targeting to activated platelets has also been reported with synthetic carriers, including liposomes [136] and PLGA nanoparticles [135, 137] , presenting fibrinogen-based sequences. Recently, another approach involving coating of nanoparticles with platelet membranes was shown to enhance the binding of these particles to collagen coated surfaces, as compared to bare nanoparticles and control RBC-membrane coated nanoparticles (Fig. 3b) [138] . PAH-BSA particles have also been designed to adhere directly to platelets by presenting vWF fragments targeted to platelet GPIbα [95] . Most recently, particles engaging in both platelet aggregation (via RGD peptides) and adhesion (via collagen and vWF binding) have been demonstrated [93, 139] .
Non-affinity factors profoundly modulate interaction of carriers targeted to platelets and vascular injuries. Enhancement of interaction with platelets and platelet-like behavior has been achieved through modulation of particle size and shape, with larger and more oblate particles exhibiting more localization toward the vessel wall and improved participation in aggregation and adhesion [93, 95, 140] . Individual particle mechanical properties have additional effects on platelet-like behavior of vascular carriers. Lipid membrane fluidity and thus flexibility of GPIbα liposomes was shown to enhance adhesion to vWF [141] . Albumin-based particles developed by Mitragotri's group have combined the effects of platelet-mimetic geometry and flexibility (as well as surface chemistry) to enhance association with platelet adhesion relative to analogous polystyrene spheres [93, 95] .
As addressed above, particle flexibility has also been used to mimic the role of platelets in clot contraction. Brown et al. employed microgels with no cross-linking to recapitulate the compatibility of platelets with clot microstructure [92] . Essentially, it was demonstrated that only fibrin-binding particles with minimized cross-linking could incorporate in contracting clots. Rigid polystyrene particles and even hydrogel particles with small amounts of additional cross-linking interfered with clot microstructure, while "ultrasoft" microgels successfully participated in clot contraction alongside platelets [92] .
In general, loading carriers onto cells that naturally home in on pathological tissues may evolve into a new strategy and, perhaps, help to reduce immunological side effects of using exogenous proteins or antibodies for particle targeting. Of note, the specific characteristics of this approach, including percent of dose taken up by the "transporting" cells and that delivered to the target tissue, remain to be determined. On the other hand, these cells are defense agents and their effects (not mediated by or perhaps countering that of the drug cargo) at pathological sites may not necessarily be desirable.
Regulation of delivery and targeting by hemodynamic factors
Expanding on aspects of the above discussions of geometry and mechanical properties, hemodynamic factors play an important role in delivering nanocarriers to the vessel wall so that binding interactions, uptake, and drug delivery can occur. Among the most important factors regulating carrier motion in blood flow are carrier geometry, the role of the glycocalyx, and the exposure to fluid mechanical forces. A broadspectrum computational protocol devised for calculating binding between functionalized nanocarriers and the endothelial cell surface has considered rotational as well as translational nanocarrier movement under flow [99] (Fig. 4) . With carrier shape restricted to spherical objects, changing particle size alone only moderately enhances binding due to the entropy loss associated with bound receptors [142] . Extension of this work into effects of cell membrane features (e.g., degree of membrane excess and membrane elasticity) and nanocarrier shape (e.g., ellipsoidal carriers) is revealing additional non-affinity related determinants of targeting efficiency mediated through both the carrier behavior in flow and mechanical effects of flow at the endothelial cellcarrier binding interface.
Interaction between hemodynamic factors and nanocarrier size
The influence of hydrodynamic factors on carrier behavior and targeting depends on carrier size. In vitro flow chamber binding experiments using targeted spherical polystyrene particles of diameter 100 nm to 10 μm coated with antibodies to the endothelial surface determinant E-Selectin showed that specific binding to endothelium increased as diameter increased from 500 nm to 10 μm at a shear rate of 200 s − 1 . However at higher shear (e.g., 1500 s − 1 ), spheres of 5 μm and 10 μm diameter were less likely to adhere to E-Selectin than smaller spheres [101] .
As noted in Section 4, RBCs segregate away from the vessel wall in vessels between 10 and 300 μm in diameter, leading to changes in viscosity and local hematocrit as characterized by both the Fåhraeus and Fåhraeus-Lindqvist effects [143] . As a result, particles in vascular flow can demonstrate "margination," dispersing toward the wall into the cell-free plasma layer [101, 102, 105, 108, 109, [112] [113] [114] 144] .
To exploit this effect for targeted carrier based drug delivery, theoretical studies have suggested that a diameter of~200 nm or smaller provides optimal margination, while diameters greater than 200 nm result in less efficient margination (as determined by the time a particle takes to migrate toward the vessel wall) [111] . However, shear flow experiments have shown that particles of diameter larger than 200 nm undergo effective margination driven by gravitational force [110] . These studies performed with a parallel plate flow chamber indicated that polystyrene nanocarriers larger than 200 nm undergo the greatest margination due to sedimentation in horizontal capillaries and the greatest lateral drift in vertical capillaries with downward flow. This motion toward the vessel wall increased the probability of binding to the endothelium [110] .
It is worth mentioning that the model presented in reference [110] works in terms of volume concentration, rather than number of particles, assuming nanospheres are fed into blood at a higher numerical concentration than microspheres in concluding that the quantity of marginating particles scales with the volume concentration for particles larger than 200 nm. Namdee et al. [105] found that increasing the numerical concentration of nanospheres in blood flow does not necessarily result in a linear increase in adhesion to endothelial cells. While a fivefold increase in concentration resulted in a five-fold increase in adhesion for 2 μm and 5 μm particles, a five-fold increase in concentration produced an approximately two-fold increase in adhesion for 200 nm and 500 nm particles. Decuzzi et al. have also predicted a positive correlation between carrier density and propensity to migrate toward the vessel wall [111] . Thompson et al. have experimentally addressed the problem of density in margination, comparing polystyrene, silica, and titania particles in an endothelialized flow cell and finding greater margination for more dense particles [107] .
Effect of nanocarrier shape on hemodynamic behavior
Nanocarrier shape has significant influence on nanocarrier motion in blood flow [145] . Particles that are non-spherical can migrate laterally in flow [146] . Moreover, it has been shown that the lateral drifting velocity is directly related to aspect ratio [147, 148] for non-spherical particles.
Discoid particles circulate longer than spherical particles [45] , and flexible filomicelles can be present in the circulation up to ten times as long as spherical particles of similar volume [43, 149] (Fig. 1b, c) . This is due to their becoming aligned with the flow, enabling avoidance of collisions with blood cells that contributes to margination. One adverse consequence of this is that carrier-wall interactions can be reduced: in vivo targeting of anti-ICAM coated poly(ethylethylene)-poly(ethyleneoxide) filomicelles showed lower absolute targeting than spheres (although the ratio between targeted and non-targeted counterparts was similar for filomicelles and spheres) [63] .
However, the probability of a nanorod carrier binding under modest shear stress has been computationally modeled to be three-fold higher than that of a sphere, indicating that shape manipulation can enhance nanocarrier-wall interactions [150] . Further support for this concept is that targeted polystyrene disks have been shown in experiments to have greater targeting specificity than spheres (targeted to nontargeted carrier ratio = 35.7) [45] . A physical explanation for these phenomena is provided through mathematical modeling, which reveals that the nonsymmetrical rolling and tumbling motions that rod-shaped particles experience near the vessel wall causes them to have greater likelihood of adhering to endothelium than do spherical particles under the same flow conditions [151] . For discoid particles, mathematical models and in-vitro experiments have predicted lateral drift [152] and more avid adherence to vascular walls under flow [99, 153] .
Further modeling studies have demonstrated the possible advantages of other non-spherical shapes for particles binding to endothelial cells in shear flow. For instance, oblate particles have greater adherence to surfaces under flow [153] , and elongated particles having a diameter b 200 nm can marginate optimally and thereby have increased interactions with the endothelium [111] .
In vitro, microfluidic devices are particularly useful for studying binding of different nanocarrier shapes under flow [154] , especially given that geometric features relevant to the vasculature in different organs [155] and significant vascular segments or tissues [60, 156] can be incorporated into their design. Fluidics experiments have demonstrated margination of discoid silica particles to be greater than that of spherical particles, without, however, a method distinguishing margination from binding or adhesion [140] . Micron-sized particles have been studied using straight and bifurcated channels to examine the role of particle shape (e.g., aspect ratio, flatness) in influencing targeting with flow. Studies of binding of targeted disk-shaped polystyrene particles in a bifurcated system indicated disks have 5-fold greater binding than Fig. 4 . Depiction of flow-induced nanocarrier translational and rotational (tumbling) motion induced by fluid forces, which will be dependent on nanocarrier size and shape. The wavy, deformable endothelial cell layer surface and presence of the glycocalyx are included as additional factors regulating binding (a). For instance, as determined in [51] , shedding of the glycocalyx via heparinase infusion significantly enhances the binding of ICAM-targeted 100 nm diameter fluorescent polystyrene spheres (1a29 FLMs) in postcapillary venules (b). As depicted in [167] , there is a non-linear relationship between wall shear and binding of 3 μm L-selectin targeted polystyrene microspheres to a complementary surface (L-selectin spheres/PSGL-1) (c). A threshold shear rate, implicated in inducing tumbling of the spheres near the binding surface, resulted in optimal binding. (b) Reproduced with permission from [51] . (c) Reprinted from [167] with permission from Elsevier.
targeted spheres [157] . Additional work has found that selectintargeted ellipsoidal polystyrene rods have greater adherence to endothelial cells compared to identically targeted spheres under flow, with higher aspect ratio increasing the quantity of bound particles [114] . Particle shape affects binding more for large particles and for particles transiting bifurcations. Of note, higher numbers of rod-shaped particles and disk-like structures adhere in model fluidics systems compared to spherical objects [114, 157] , in agreement with in vivo studies [45, 65] .
Carrier interactions with the glycocalyx under flow
The glycocalyx is a gel-like layer which extends~500 nm from the in vivo luminal surface of endothelial and blood cells (among other cell types). A brush-like structure, formed by strongly negatively charged carbohydrate chains of glycoproteins, the glycocalyx affects numerous cardiovascular physiological and pathological processes, including sensing of flow by endothelium and separating blood cells from the endothelial plasmalemma proper.
The glycocalyx has a significant role in modulating nanocarrier binding to endothelial cells by acting as an energy barrier (see Fig. 4 ). Mechanical and biochemical properties of the glycocalyx as well as its interactions with erythrocytes and leukocytes [158] have been probed experimentally [159] . Generally, the strong negative charge of the glycocalyx represents a mechanism for non-specific (i.e., bypassing ligandmediated targeting) binding of cationic carriers in the vasculature. Furthermore, the glycocalyx regulates interaction of biotherapeutic proteins targeted to endothelial and blood cells with their physiological counterparts in plasma [160, 161] .
The in vivo binding of 100 nm diameter polystyrene microspheres coated with ICAM-1 antibody has been shown to increase as much as 500-fold following chemical degradation of the glycocalyx (Fig. 4b ) [51] . The glycocalyx's mechanical behavior is demonstrably viscoelastic, and its responses to fluid shear and cellular motion have been used to predict the bending rigidity of its core proteins to be in the range of 700 pN·nm 2 [162] . This stiffness translates into an energy barrier that acts to reduce the binding between nanocarriers and the endothelial cell surface [163] . Of note, biologically relevant glycocalyx layer that can be seen in vivo is very difficult to reproduce in cell culture, especially in static cells lacking hemodynamic stimulation. The magnitude by which glycocalyx thickness and stiffness are altered in vitro compared to in vivo is unknown, so the effect it bears on nanocarrier binding in vivo cannot be extrapolated from results of cell culture-based studies.
Effect of flow dependent forces on carrier targeting
Nanocarrier circulation in the bloodstream is dependent to a large extent on local flow conditions. As depicted for rod-shaped carriers in Fig. 5 , margination, a process dependent on flow conditions, can represent a first step in vascular delivery. Flow dependent forces that generate nanocarrier rotational and translational motion regulate adhesion. Shear flow introduces both torque and drag forces, which can influence nanocarrier orientation, deformation, and transport within blood flow. Through the mechanical effects of torque and drag, blood flow modulates the interaction between nanocarriers and cell surfaces. For example, targeted 1 μm spherical polystyrene carriers displayed a few typical patterns of behavior in binding to endothelium in vitro, depending on the targeting conditions: 1) they move with the flow without showing any sign of binding interactions with cells; 2) they roll continuously over cells; 3) they begin by rolling followed by binding firmly to cells; 4) or they initially roll and subsequently detach and continue traveling along the cell surface [164] . These motions indicate interplay between binding interactions and the motion induced by fluid forces.
Though available studies modeling carrier behavior in buffer do not fully reflect conditions in the bloodstream, previous work with polystyrene carriers in buffer has shown that binding is inversely proportional to shear stress [165, 166] . Computational analysis has shown that the influence of shear stress on nanocarrier binding diminishes once a threshold level of antibody surface density is surpassed [99] . In experimental observations, flow actually enhances adhesion between targeted small particles (or leukocytes) and the endothelial cell surface, as well as cellular uptake of particles after binding events occur. This phenomenon is counter-intuitive; one should anticipate that increases in flow would favor the displacement of particles in the downstream direction. However, the initial tethering and continuous rolling of small particles (or cells) requires some threshold flow shear stress (Fig. 4c) . This seems to be in violation of the idea that the dissociation rate increases exponentially with increasing applied force. Flow enhancement of adhesion has two stages: initial tethering followed by rolling after attachment. Flow enhanced tethering may result from convective transport which increases the collision frequency between binding molecules (e.g., receptor and ligand) [167] . Flow-enhanced rolling is typically explained by "catch-slip" kinetics in which the lifetime of receptor-ligand bonds is prolonged by application of tensile force acting on the cells [168] or as a result of changes in molecular structures as a result of the applied shear stress [169] . In either case, these are fluid mediated forces.
The underlying physics and mechanisms by which flow enhances, rather than destabilizing, binding is still a topic of discussion. The effect of drag force on binding following margination depends on many factors, including particle size, shape, avidity, and endothelial topography. As result, a particle can exhibit high margination but have low binding, for example, due to inadequate ligand density. Various theoretical models have been developed to elucidate deposition mechanisms under flow. Numerical methods developed in recent years provide a rigorous way to study the full transportation and adhesion dynamics of arbitrarily shaped nanoparticles. At the micron scale, Liu et al. estimated PLGA nanoparticle binding affinity with endothelial cells [99] ; King et al. studied multiparticle adhesion dynamics for polystyrene beads and applied their findings to leukocyte rolling [170, 171] . Fogelson et al. coupled ligand-receptor binding with platelet aggregation [172] . Shipley et al. [173] and Modok et al. [174] modeled delivery of spherical NPs to tumors. Liu et al. [175] and Zhang et al. [176] studied the deposition of NPs in the lungs. It is also important to predict the loss of NPs in the upstream and the NP distribution in specific vascular environments [177] . However, there are not many attempts in the literature to link molecular and cellular scale particle adhesion dynamics to tissue and organ scale transport and distribution.
Non-affinity modulation of intracellular uptake of nanocarriers
In many instances, the intended site of drug action is inside the target cell. Achieving optimal sub-cellular addressing is one of the most important and challenging problems in the field of drug delivery. This extremely complicated process, mediated by intricate interactions between the carrier and the cell, is greatly influenced by features of the carrier, the cell, and their milieu.
Carrier geometry and intracellular uptake
More than a century ago, Metchnikoff noted that phagocytosis is modulated by particle size. In macrophages, IgG-opsonized micron sized particles are taken up and transported to lysosomes more quickly than 100 nm counterparts [178] . For spherical polystyrene particles in macrophages and B16 tumor cells, size has been shown to affect both rate (with protracted internalization for larger particles) and mechanism of internalization [179, 180] . Optimal size for uptake depends on factors including the receptor, endocytic pathway, cell type, and functional status of the target cell. For example, the optimal size range for uptake of particles by endothelial cells is about an order of magnitude smaller than for uptake by macrophages [181, 182] . Likewise, mathematical models have predicted a critical particle radius (as a function of ligand and receptor density) below which internalization is not energetically favorable for spherical beads [183] . Decuzzi et al. [184] have extended such models to investigate the effects of different surface physicochemical properties and non-spherical shapes [185] .
By some accounts, shape is a more important determinant of carrier uptake than size. For example, the difference in the phagocytosis rate by macrophages is more pronounced for elongated vs. spherical IgG polystyrene particles than for large vs. small ones [186] . It has been predicted [187] and verified in vitro [186, 188] that elongated particles can effectively deliver drugs to various types of cells. One reason for this is that elongated objects can elude phagocytosis [189] (Fig. 1b) . Specifically, macrophages efficiently internalize opsonized disk-shaped particles contacting the cell by the rounded end, but cannot completely internalize disk-shaped particles contacting the cell by the flat face [186] . Mitragotri et al. documented internalization within three minutes for the former case, but observed spreading without internalization for the latter [186] (Fig. 1e) . By contrast, Desimone et al. reported that high aspect ratio rod-like triblock copolymer hydrogel particles (d = 150 nm, h = 450 nm) internalize about 4 times faster than more symmetric cylindrical particles (d = 200 nm, h = 200 nm) [188] , while Caruso et al. found that internalization of hollow ellipsoid hydrogel capsules of similar aspect ratio was slowed relative to spherical counterparts, with lysosomal compartmentalization not being affected by aspect ratio [190] . In extreme cases, high aspect ratio carriers (aspect ratio close to 10, i.e., needle-shaped particles) can breach the membrane of cells to deliver cargo into the cytoplasm [64] .
A theoretical study by Decuzzi and Ferrari [65] found similar results for receptor-mediated endocytosis of non-spherical particles. Yang et al. [191] came to the same conclusion using dissipative particle dynamics simulations to investigate the translocation of nanometer-scale spheres, ellipsoids, rods, disks , and pushpin-like particles across a lipid bilayer. There, it was reported that anisotropy and initial orientation of the particle are crucial to the interactions between the particle and the lipid bilayer. In further work, elongated polystyrene carriers coated with phagocytosis-promoting ligands were able to avoid phagocytosis by macrophages in cell culture [189] .
As with carrier size, cell type can change the relationship between carrier geometry and intracellular delivery. For instance, in HeLa cells, Gratton et al. found that elongated PEG hydrogel particles internalize better than spherical counterparts with identical volume [188] . In endothelial cells, the opposite trend has been observed. In one prototype study of vascular targeting to endothelium, ICAM targeted polystyrene disks entered endothelial cells more slowly than spherical carriers of similar size, whereas the pace of traffic through the vesicular compartments was controlled by size; smaller particles reached the lysosomes faster, regardless of shape [45] . In a follow up study, co-delivery of different shapes or sizes of polystyrene carrier was investigated for preferential perinuclear distribution. Larger particles (either spheres or rods) were more likely to localize in this region. In the same study, rods were far less likely than spheres of the same volume to accumulate in perinuclear regions [182] .
Large particles coated with antibodies or other ligands may be excluded from the natural internalization pathways normally serving those ligands. Since internalization starts with anchoring to the targeting determinant on the cell, target accessibility for carriers of a given size and shape is a key parameter. For example, some anchoring molecules that could provide favorable pathways for internalization, such as caveolar molecules, are poorly accessible for particles bigger than 50-100 nm [192] . On the other hand, in some cases multivalent ligand-coated particles induce endocytosis via binding to determinants that do not normally favor uptake of the ligand. For example, PECAM-1 antibodies bind to endothelial cells but do not accumulate significantly in intracellular compartments [16, 42] , while the multivalent binding of nanocarriers coated with PECAM-1 antibody leads to intracellular uptake mediated by the pathway known as CAM-endocytosis, distinct from clathrin-mediated or caveolar endocytosis, phagocytosis, and pinocytosis [17, 42] .
Large particles, especially non-spherical ones, require excessive wrapping by plasmalemma, which may exceed the capacity of a given cell type, as demonstrated in computational work addressing geometry and size with model membranes [193] . In this context, a smooth particle requires less wrapping than a polymorphous "particle" with the same effective diameter, making endocytosis easier with the former. For example, endothelial cells internalize PECAM-targeted polymorphous protein conjugates with size b500 nm [178] , but internalize spherical particles with diameter of up to a few microns coated with the same antibody [194] . Similar results have been observed when comparing polymethacrylate hydrogel cubes to spheres for non-targeted uptake in HeLa cells [195] .
Cell phenotype and microenvironment as factors in carrier internalization
The functional status of cells modulates endocytosis. Conditions that up-regulate expression and turnover of the targeting determinant in the plasmalemma usually facilitate endocytosis. For example, activated endothelium internalizes ICAM-targeted polystyrene nanocarriers faster than quiescent endothelium in vitro and in vivo [196] . Most likely, this is due to the fact that the cell surface density of ICAM is elevated in cytokine-challenged cells. But additional and/or alternative mechanisms may involve stimulation of vesicular turnover involved in cytokine signaling.
The hydrodynamic factors regulating endocytosis of targeted carriers have just recently started to emerge as an important consideration in vascular drug delivery. Despite the fact that endothelial cells in vivo are exposed to flow, the majority of studies on cellular uptake and trafficking of nanocarriers have employed static cell lines. A few studies have attempted to define the role of flow in endothelial uptake of nanoparticles using flow chambers and microfluidics, mostly dealing with non-targeted particles, though with a variety of particle compositions and sizes, including microparticles derived from activated cells, semiconductor quantum dots, and silica particles [197, 198] .
The rheological regulation of intracellular delivery represents an intriguing area of bioengineering and biomedicine. Blood flow alters the adhesive interactions between carriers and endothelium [99] . Flow-driven rolling on the endothelial surface may assist carriers in engaging PECAM-1, thereby increasing the strength of endocytic signaling [199] . Alternatively, rotational motion due to the flowderived torque applied to PECAM-1-anchored carriers may further mechanically stimulate endothelial cells and enhance signaling internalization. On the other hand, flow is known to modulate many parameters of endothelial functional status, some of which may be involved in endocytic processes directly or indirectly. In fact, shear stress governs endothelial processes including cytoskeletal remodeling, gene expression, ion transport, and endocytosis [199] [200] [201] [202] . It has long been recognized that internalization of extracellular fluid and macromolecules (such as LDL) into endothelial cells is stimulated by flow [199, 203] . Stimulatory effects of flow have been observed in endothelial pinocytosis [196, 199, 204] , clathrin-dependent endocytosis [194, 205] , and CAM-dependent endocytosis [44, 199] . It is conceivable that flow stimulates endocytosis via a generalized mechanism, such as enhancement of the rate of plasmalemma vesicle maturation or dynamic changes of the cytoskeleton.
Recent studies in flow chambers revealed opposite effects of chronic vs. acute flow on endothelial uptake of targeted particles. Prolonged exposure to flow led to partial, yet significant, inhibition of endocytosis of polystyrene nanocarriers targeted to ICAM and PECAM [196, 199] . These results correlated with in vivo data showing less effective internalization of anti-ICAM nanocarriers in arterioles relative to capillaries, i.e., vascular areas in which endothelial cells do and do not adapt to flow, respectively [196] . This effect is attributed to organization of the actin cytoskeleton into stress fibers in the course of endothelial adaptation to flow, which impedes actin involvement in endocytosis [196, 199] . In contrast, acute shear stress at physiological levels typical of veins accelerated endothelial endocytosis of PECAM-targeted carriers, likely via signaling mechanisms including caveolae [199] . Such a stimulatory effect may happen in reperfusion and in physiological hyper-perfusion in exertion.
Conclusion
Targeted delivery of drug carriers in the vasculature is an important biomedical goal. It is safe to postulate that affinity features of the drug delivery system, controlling specific recognition of molecular targets and anchoring on the target surface, is the main factor of the carrier design that governs targeting. Nonetheless, targeting itself is a complicated outcome of the interplay of characteristics of the carrier (including features of the targeting ligands, their surface density, spatial freedom, ability to engage in multivalent interactions with clusters of anchoring molecules, etc.) and the target (surface density, clustering and accessibility of anchoring molecules). Furthermore, other factors in carrier design, target, and target microenvironment exert important, and in some instances decisive, influences over targeting. For example, if the binding site becomes inaccessible under given circumstances, no matter how avidly a carrier would bind given access, no targeting can occur.
In this article, we have attempted a systematic analysis of several key non-affinity influences on targeting of drug carriers. We acknowledge a depth of additional considerations in the design of nanomaterials for targeted drug delivery applications, including a wealth of possibilities for materials design, but leave a deeper consideration of the materials science of biomedical nanocarriers and microcarriers to other sources [42, 81] . Although inevitably oversimplified, our analysis may convey an impression of the complexity of drug delivery via vehicles at the nanometer and micron length scales. Indeed, as Fig. 6 illustrates, numerous factors of systemic and local biological features interplay with carrier design characteristics, individually and collectively, creating the intertwined matrix of cues that either favor or impede targeting. The goal is to employ the factors that we can rationally modulate to achieve the former outcome. Our ability to control the biological factors is, mildly put, limited (such factors include choosing the route for infusion and modulation of perfusion, e.g., using hyperthermia and vasoactive agents). However, understanding of the influence of non-controllable biological factors will guide iterative re-engineering of carriers to optimize targeting. It is tempting to believe that continuing accumulation of experimental data and empirical paradigms in this domain will eventually support design of theoretical models and approaches that will accelerate this optimization process.
Therefore, non-affinity characteristics of both the delivery system and biological factors govern targeted drug delivery and its effects. This realization puts yet more emphasis on the necessity to pursue drug delivery in a multidisciplinary fashion, combining approaches and ideas coming from both materials and biomedical science and engineering. It also dictates use of more adequate model systems for investigation of vascular targeting, including endothelial cell culture systems that account for effects of flow, specifics of cellular phenotype, and cell microenvironment.
